Pattern formation induced by wrinkling is a very common phenomenon exhibited in soft-matter substrates. In all these systems wrinkles develop in presence of compressively stressed thin films lying on compliant substrates. Here we demonstrate the controlled growth of self-organized nanopatterns exploiting a wrinkling instability on a solid-state substrate. Soda-lime glasses are modified in the surface layers by a defocused ion beam which triggers the formation of a compressively stressed surface layer deprived of alkali ions. When the substrate is heated up near its glass transition temperature, the wrinkling instability boosts the growth rate of the pattern by about two orders of magnitude. High aspect ratio anisotropic ripples bound by faceted ridges are thus formed which represent an optimal template for guiding the growth of large area arrays of functional nanostructures. We demonstrate the engineering over large cm 2 areas of quasi-1D arrays of Au nanostripe dimers endowed with tunable plasmonic response, strong optical dichroism and high electrical conductivity. These peculiar functionalities allow to exploit these large area substrates as active metamaterials in nanophotonics, biosensing and optoelectronics.
these conditions surface chemical oxidation occurs and crosslinks are formed in the surface layer thus inducing a compressive stress that can be vertically relaxed by wrinkling. In this way large area substrates can be patterned in a self-organized and maskless fashion but the control of the pattern morphology is limited [ 14 ] and undulations with relatively low height/width aspect ratio, in the range of 1/10, are generally obtained. [ 2, 8 ] The competition of the elastic parameters of the skin and of the bulk support determine the wrinkles wavelength as described by the continuum model reported in the Methods section.
[ 11, 15 ] In view of applications of relevance in fields ranging e.g. from photonics[ [16] [17] [18] ] to optoelectronics[ [19] [20] [21] and biotechnologies[ 22, 23 ] it would be desirable to develop cost-effective methods which enable large area nanoscale wrinkling also at the surface of inorganic solid state materials. Unfortunately, the characteristic stiffness of this class of substrates generally hinders mass transport and the vertical relaxation of the top interface driven by the surface stress field. A notable exception is found when compressively stressed metal films are deposited on top of compliant polymer substrates which indeed exhibit a wrinkling instability.
[ 7, 24 ] Alternatively, large area anisotropic periodic patterns can be induced on a broad class of solid state substrates ranging from dielectrics[ 25, 26 ] and semiconductors[ 27, 28 ] to metals[ 29, 30 ] exploiting a selforganized technique based on defocused Ion Beam Sputtering (IBS).[ [31] [32] [33] ] Under this condition however, the kinetics of pattern formation is generally slow and induces the growth of shallow nanoripples in amorphous substrates, while faceted nanostructures oriented along the symmetry directions are induced only in the case of crystalline materials.[ 34, 35 ] In this work we describe a novel regime of self-organized nanopatterning driven by an ion-assisted wrinkling instability on glass substrates, a relevant material in optoelectronic applications and a prototype among solid-state amorphous substrates. Unexpectedly, the wrinkling instability develops only if high substrate temperatures are employed during ion irradiation, defying the prevailing assumption that considers smoothing of the nanostructures driven by thermally activated diffusion processes.[ [31] [32] [33] Highly ordered one-dimensional ripples with a height-to-width aspect ratio approaching unity develop with a vertical dynamic which is boosted by more than one order of magnitude with respect to low temperature experiments, while the timescale of pattern formation is reduced by one order of magnitude.
Unexpectedly, in the late stages of the wrinkling process, the amorphous glass templates evolve into an asymmetric sawtooth profile with slope selected facets, thus opening a new scenario for self-organized nanopatterning of dielectric substrates.
The so formed self-organized nanopatterns indeed represent natural templates for e.g. driving the growth of quasi 1-dimensional (1D) gratings [ [36] [37] [38] [39] [40] ] endowed with peculiar photonic, optoelectronic and biosensing functionalities. A strong advantage in terms of scalability of the process towards novel applications and technologies is represented by the short nanofabrication time, in the range of minutes, and by the large functionalized area, in the range of cm 2 .
Defocused ion beam sputtering of soda lime glass substrates at an off normal incidence angle θ=35°
induces the formation of a partially ordered 1-dimensional ripple pattern as shown by the Atomic Force K (see AFM images and line profile at T=590 K and 620 K in Fig SI2) and continues up to 790 K, where a remarkable maximum of w around 40 nm is observed. Correspondingly, as shown in Figure 1 (d), the average ripple wavelength λ increases with temperature together with the typical ridge elongation, and the lateral coordination of the ripples is gradually enhanced (see 2D self-correlation patterns in Figure   SI1 ), achieving the highest degree of order at 880 K.
These observations are at variance with prevailing thermodynamic arguments which predict that the enhanced diffusion at high T (either thermally activated or ion enhanced) should favour surface smoothing rather than roughening, and suggest the presence of a different destabilization mechanism. In order to address this issue we performed IBS experiments at θ=35° and T=680 K as a function of the ion fluence ( Figure 2 ). The primitive shallow ripples already develop after an irradiation time as low as 121 s forming the pattern represented in Figure 2 The modification of the elastic properties of the compressed glass surface layers is mainly determined by the depletion of Na ions and by enrichment in Ca - Figure SI4 -from a near surface region which extends for a significant depth h in the range of 15 nm. The latter figure goes well beyond the projected ion range, which reads about 3 nm for Ar ions at 800 eV, due to temperature enhanced migration of dopant ions under our high T experimental conditions. [
]
The simple continuum model, Theoretical Model -in addition to curvature dependent roughening was also proposed.
[ [44] [45] [46] ] The physical origin of this destabilizing term was attributed to anisotropic visco-elastic compressive deformation of the irradiated top layer and to the action of body forces following ion implantation down to a depth of few nm, comparable with the ion range. According to such models, the instability develops only for ion incidence angles exceeding 45° and the ripple wavelength follows a decreasing trend with increasing angles.[ 45, 46 ] Such mechanism cannot be invoked to explain our observations since both occurrences above are not verified.
In our experiments we also observed that the wrinkling instability, so far described for soda-lime glass substrates, does not occur when an identical sputtering experiment is performed on a borosilicate glass substrate which is free from alkali ion dopants ( Figure SI3 ). In the latter case one instead observes the formation of shallow parallel-mode ripples which are compatible with the conventional BH instability.
All these observations thus confirm (i) that the wrinkling instability is related to the increase of the bulk modulus in the compressively stressed surface layer induced by a depletion of alkali ions and (ii) that the high aspect ratio pattern can develop only in presence of a compliant foundation which ensures sufficient mass transport from the bulk.
Interestingly, a careful inspection of Figure In order to quantitatively study the slope selection process, in Figure 3 (d) we plot the evolution with sputtering time of the statistical distribution of the local slopes, derived from the AFM topography, as a function of the sputtering time. At t=120 s the unimodal Gaussian distribution peaked at 0° with typical slopes below 5° corresponds to a very shallow height profile. By slightly increasing t until 207 s (pink trace) a strong broadening of the distribution is observed representing slopes spread in the range -40° / +30°. By further increasing t up to 225 s, i.e. beyond the linear regime, the slope distribution sharpens forming a characteristic peak around 25° whose intensity continuously increases as a function of the sputtering time (red curve at t=450 s, green curve at t=1800 s). This prominent feature is due to the preferential growth of slope selected facets tilted at 25° with respect to the horizontal plane. The opposite ripple ridges, directly facing the ion beam, instead form very steep slopes exceeding 50°. We stress that the slopes of these steep ridges can be underestimated due to tip convolution effects in such deep and steep grooves. 
Experimental Section

Experimental Setup
Soda-lime microscope glass slides are nanopatterned over large cm 2 areas by defocused Ion Beam Sputtering (IBS). The ion bombardment is performed in a custom made Ultra High Vacuum setup equipped with a gridded multiaperture ion source (TECTRA) which generate a defocused Ar + ion beam (5N purity) at the energy E = 800 eV, the extraction grid is polarized at the voltage V= -200 V. In this condition the ion flux reaching the sample at normal incidence is about 9.4 × 10 15 ions cm -2 sec -1 and the beam is characterized by an angular divergence of about 5°. We perform IBS experiments at selected ion beam incidence angle θ=35° with respect to the surface normal direction. A biased tungsten filament (Vbias= -13 V), providing electrons by thermoionic emission, is placed close to the extraction grid in order to compensate surface charging due to ion implantation.
The substrate temperature during IBS is monitored with a K-type thermocouple fixed to the sample holder which is thermally anchored to the substrate by silver paste layer on the back side of the sample.
If the IBS is performed without previous annealing of the substrate, we observed ion induced heating during the first stages of the process with an increase of the substrate temperature from room temperature to about 520 K.
Alternatively, the glass substrate can be heated up during the IBS process in a controlled way recurring to a Firerod heater, placed in thermal contact with the manipulator. In this case the ion beam sputtering induces a smaller effect with a further temperature increase of the substrate of the order of 10%-15%
during the early stages of the ion bombardment.
Theoretical Model
Surface wrinkling of compressively stressed elastic film
The continuum model developed for a compressively stressed film supported on compliant elastic foundation[ 11, 15 ] allows to estimate the wavelength of the glass wrinkles according to the relation
where h is the thickness of the compressively stressed skin layer, Es and Ef are the elastic moduli of the skin and of the bulk support respectively, while νf and νs are their Poisson ratios.
In the case of soda lime glass we calculated c 60 nm assuming in Equation 1 a skin layer of thickness h~15nm, [ 42 ] an elastic modulus of skin/foundation of Es  7.4010 10 Pa and Ef  6.8410 10 Pa and a
Poisson ratio νf  0.2081 and νs  0.2196. We stress that the c value must be considered just as an order of magnitude estimate, based on the variation in the concentration of the main glass dopants above 1% atomic concentration (Na, Mg and Ca) from Energy Dispersive X-ray spectroscopy (EDS) for pristine and ion irradiated glasses.
Ion beam induced nanopatterning
The prevailing models of pattern formation induced by sputtering are based on Bradley Harper (BH) theory [ 31 ] and its developments, which describe pattern formation in terms of the competition between ion induced erosion and thermally activated diffusive relaxation. By considering the ion beam projection on the sample plane parallel to the x axis, the evolution of the vertical profile h(x,t) as a function of time t, is described by the following differential equation:
The first and the second term describe the average (local) erosion rate which depends on the average (local) incidence angle. The third term of the equation describes ion induced roughening dependent on the curvature of the surface profile, while the fourth order term − ∇ 4 ℎ describe thermal activated diffusion and smoothing. This description can be applied at the early stages of the IBS process, i.e. small amplitude approximation, and end up with an exponential growth of nanoripples height as
Experiments on amorphous silica [ 63 ] and glass [ 64 ] substrates showed that also ion induced viscous flow -either confined to the surface or involving also the bulk -can contribute strongly to surface smoothing by including two further linear relaxation terms proportional respectively to the third and first spatial derivative respectively. Under these conditions and within the linear regime valid in the early stages of sputtering, the exponential growth rate r(q) of harmonic modulations of the surface profile is thus described by the following formula:
Where 2 is the ion induced roughening term, − − 3 4 are respectively the ion induced bulk and surface viscous relaxation terms, while − 4 is the temperature induce relaxation term. According to Equation 3 one would thus expect a decrease of the ripple growth rate r(q) if the mobility of the surface defects is dominated by thermally or ion activated processes which contribute with a negative sign. Indeed, the surface and bulk mobility start increasing within this temperature range allowing only a partial relaxation of the surface stress by wrinkling instability. The full development of the wrinkling mechanism can be observed only at higher surface and bulk mobility corresponding to sutface temperature of about 680 K ( Figure SI1c ).
The wrinkling instability and the facet growth observed in sputtered soda lime glass is a peculiar behavior of this material in the range of temperature here explored. In particular we observed that a borosilicate glass - Figure SI3 shows the ion erosion step at the edge of the screen while the EDX map highlights a reduction of the Na concentration on the ion irradiated surface with respect to the screened portion. An ion induced relative depletion of Na by 18% can be estimated by considering the EDX counts collected over screened and unscreened areas (green and blue areas respectively). Conversely an ion induced increase of Ca, and Mg relative concentration by about 33% and 4,7% is respectively detected after ion irradiation. Under these conditions an increase of the Young modulus is expected to take place in the irradiated surface layer that induces compressive stress accumulations at the surface able to drive the wrinkling instability. We stress that due to the large sampling range of the EDX measurement in the micrometer range, the composition of the deeper regions unaffected by the ion beam is averaged with that of the surface modified layers, thus resulting in an underestimation of the alkali depletion.
Templates for confinement of quasi-1D plasmonic nanowire arrays
The self-organized nanopatterned glasses represents optimal templates for confinement of highly anisotropic metallic gratings over large cm 2 area. In particular, laterally disconnected gold nanowire arrays can be prepared by glancing angle thermal deposition on the pre-patterned glass templates ( Figure   SI5 (a)). The faceted ripples ridges enable confining highly ordered quasi-1D arrays of plasmonic nanostripes (NS) with selected tilt and width. Glancing angle Au deposition is performed perpendicularly to the ripple ridges and the Au beam is tilted at an angle φ with respect to the surface normal direction.
Under these conditions the width of the Au NS cross section is imposed by the ripple template, while the local thickness can be easily tailored with the selected metal dose. If the metal deposition is performed at φ= 50° on the ripples facets tilted at 30° quasi-1D NS arrays are obtained (SEM image of Figure   SI5 (b)), which are characterized by width of about 100 nm, imposed by the rippled template. The optical response of this substrate ( Figure SI5(c) ) is strongly anisotropic in the whole Near UV -Visible -Near IR spectrum (Extinction spectra of Figure SI5(c) ). For incident light polarization parallel to the ripple ridges (TE-pol, green line-see also sketch in Figure SI5 The self-organized nanopatterned glasses can thus be exploited as versatile templates for the large area confinement of quasi-1D metallic gratings endowed with high optical dichroism and tunable plasmonic functionalities in the VIS and Near-IR spectrum. Figure SI1 (a),(c) ,(e) AFM topographies and (b),(d),(f) two dimensional self-correlation patterns of ripples patterns induced on sputtered soda lime glasses for a fixed sputtering time t=3600 s (ion fluence=2.8 ×10 19 ions cm -2 ) at the substrate temperature of 520 K, 680K and 880K (shown in Figure 1 of the manuscript). 
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